Voltage-induced incandescent light emission from large-area graphene films was demonstrated. Stable, bright, and uniform incandescent emission with a low turn-on voltage ͑ϳ6 V͒ was obtained for a free-standing graphene film ͑0.5ϫ 1 cm 2 ͒ under appropriate vacuum ͑0.05 Torr͒ or Ar protection. The emission spectra fit well to the blackbody emission model with the emission intensity being exponentially proportional to the external voltage and inversely proportional to the gas pressure. Our results indicate great promise of graphene-based incandescent emitters for flat-lighting applications. © 2010 American Institute of Physics. ͓doi:10.1063/1.3383221͔
graphene films were fabricated by vacuum filtration of chemically reduced GO dispersion, followed by thermal treatment according to a previously reported method. 28 To investigate the optical emission behavior of the graphene film, two parallel gold electrodes ͑width 1 mm; length 10 mm; separation distance 5 mm͒ were deposited on the quartz-supported graphene film by sputter-coating through a physical mask. The device was then placed in a vacuum chamber ͑0.05 Torr͒ before applying an external voltage for light emission measurements. Light emission was detected by a spectrometer ͑Ocean Optics͒ and a photometer ͑Minolta LS-110͒ at room temperature. The temperature of the graphene film during light emission was measured remotely by an infrared pyrometer ͑RAYTEK Marathon MM͒. Similarly, the free-standing graphene film was adhered to two metal electrodes and suspended above the quartz substrate for light emission measurements. Raman spectra were carried out on a Renishaw micro-Raman setup by using an Ar laser at 514.5 nm. Figure 1͑a͒ shows an atomic force microscopy ͑AFM͒ image of the as-prepared GO nanosheets. The included height profile exhibits a typical sheet thickness of ϳ1.2 nm for exfoliated GO. Figures 1͑c͒ and 1͑d͒ reveal incandescent light emission from the same graphene film on a quartz substrate under 0.05 Torr vacuum at two different external voltages of 13 and 20 V ͓the light-emission measurement setup is schematically shown in Fig. 1͑b͔͒ . In both cases, the graphene film emitted incandescent light evenly over the entire surface area between the two electrodes. However, the emitted light became much brighter and the light color shifted from orange to white with increasing voltage, indicating potential for flat-lighting applications. Similar light emission was observed for free-standing graphene films, as shown in Fig. 1͑e͒ . Figure 1͑f͒ shows the light-emission intensity as a function of the applied voltage under vacuum ͑0.05 Torr͒ for a free-standing graphene film ͑0.5 ϫ 1.0 cm 2 ͒ ͑curve 1͒, a graphene film on quartz ͑0.5 ϫ 1.0 cm 2 ͒ ͑curve 2͒, and a conventional tungsten filament 18 ͑curve 3͒. Compared to the quartz-supported graphene film and tungsten filament, the free-standing graphene film showed a lower turn-on voltage ͑ϳ6 V͒ with a sharp increase in the irradiance intensity with increasing voltage. At ϳ15 V, the irradiance for the free-standing film has reached 500 lux, which is a standard value for common lighting.
Compared to the substrate-supported film, the free-standing graphene film is free from heat dissipation to the substrate, and hence a higher temperature for stronger incandescent light emission at a given voltage since the blackbody emission is responsible for the observed light emission, as we shall see below. Figure 2͑a͒ shows the emission spectra of the freestanding graphene film recorded under 0.05 Torr vacuum with different applied voltages at room temperature. As can be seen, the emission spectra are featureless over the entire visible region ͓Fig. 2͑a͔͒. The light-emission intensity rapidly increases with increasing voltage over a wide range of wavelength ͑500-800 nm͒. The integrated emission intensity was plotted as a function of the applied voltage in Fig. 2͑b͒ , which shows an exponential increase in the emission intensity ͑I͒ with increasing applied voltage ͑V͒. The corresponding curve fitting yielded Eq. ͑1͒, as follows:
Figure 2͑c͒ presents the emission spectra measured in an Ar gas atmosphere of different gas pressures at 14 V. The integrated emission intensity was plotted as a function of the Ar gas pressure in Fig. 2͑d͒ , along with the corresponding temperature versus the Ar gas pressure. As can be seen, there is little change in the emission intensity when the Ar gas pressure is less than 0.5 Torr. This implies that the heat dissipation with ambient gas could be negligible under lowpressure condition and the radiation is the main process to lose heat. 29 Further increase in the Ar pressure caused a significant decrease in the emission intensity over a wide pressure range ͑Ͼ0.5 Torr͒ ͓Figs. 2͑c͒-2͑f͔͒. The observed change in the emission intensity with the Ar gas pressure was found to be reversible for many cycles. Therefore, possible materials degradation during the light emission process, if any, is negligible. On this basis, we believe that the above observed incandescence quenching by Ar is, most probably, due to heat exchange between the surrounding gas and the graphene film. The heat exchange associated with gas molecule collisions against the film surface could significantly reduce the film temperature, as confirmed by the experimental data in Fig. 2͑d͒ , 29 and hence the light quenching. However, it is worthy to note that the light emission was also observed from the graphene film even in air ͓Fig. 2͑g͔͒, albeit with a much lower intensity than that from the corresponding emissions under vacuum or the Ar protection.
To further understand the incandescent light emission associated with graphene films, we performed some model studies. Previously, two different models have been proposed for the incandescent light emission from CNT filaments or films induced by either electrical field or laser ablation. [17] [18] [19] One of them is based on the blackbody radiation due to resistive Joule heating, while the other is associated with the electroluminescence behavior caused by electron transitions between different electronic levels. As indicated by the temperature-dependent light emission described above, we believe that the white light emission from the graphene film has a thermal origin. Indeed, the emission spectra shown in where h is Planck's constant; c is the speed of light; and k is Boltzmann's constant. The temperatures of the graphene film at various voltages can be calculated by fitting the spectra with the blackbody radiation formula. In our case, the effective blackbody temperatures ranging from 900 to 1700 K were obtained from the spectra and found to increase with increasing voltage, which consists with the measured temperatures by an infrared pyrometer. We have also investigated the durability of the graphene film by switching light-emission on and off repeatedly ͑op-erated at 14 V͒. As a result, the graphene film shows good emission stability. In order to determine possible structure change in the graphene film during the light emission, we recorded Raman spectra of the graphene film before and after the illumination. As expected, the resulting spectra given in Fig. 3 show two prominent Raman peaks centered at 1600 cm −1 ͑G band͒ and 1350 cm −1 ͑D band͒, respectively, similar to those of previously reported for chemically reduced GO films. 31 The intensity ratio of the G band to D band ͑I G / I D ͒ can provide an indication of the planar correlation length ͑grain size͒ of the graphene film, and hence its overall quality. 32 After illuminating, it was found that the intensity ratio of I G / I D changed from 0.98 to 1.11, indicating, once again, no significant material degradation.
In summary, we have demonstrated the voltage-induced light emission from a large-area graphene film under vacuum and/or the protection of Ar at various gas pressures. Stable, bright, and uniform incandescent emission was obtained for a free-standing graphene film at a low turn-on voltage and a less demanding vacuum ͑0.05 Torr͒ than those required for CNT and conventional tungsten filaments. The emission spectra fit well with the blackbody radiation distribution and the incandescence intensity is exponentially proportional to the external voltage and inversely proportional to the gas pressure. These results indicate that graphene-based films hold promise as large-area planar incandescent light sources for use in optoelectronic devices, especially in flexible flat lighting systems.
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